
















































My	Ph.D.	experimental	activities	have	been	performed	 in	Rome	 (Italy),	 at	 the	
Istituto	Superiore	di	Sanità	(ISS),	and	in	Pisa	(Italy),	at	the	Scientific	Institute	Stella	Maris.	
During	 the	 first	 seven	months	of	my	Ph.D.	 (from	November	2014	 to	May	2015),	my	
research	activities	were	held	at	the	Scientific	Institute	Stella	Maris	under	the	supervision	





The	 first	 chapter	 provides	 an	 analysis	 of	 the	 literature	 related	 to	 the	 Autism	





network	 for	 early	 detection	 of	 autism	 spectrum	 disorder	 (NIDA)	 and	 the	 European	
project	 called	 “Brainview	 –	 fetal	 ultrasound	 screening	 for	 neurodevelopmental	
























abnormalities	 should	 be	 investigated	 as	 potential	 early	 signs	 of	 the	 disorder	 and	














disorders	 in	 normal	 and	 high-risk	 pregnancies”	 Marie	 Sklodowska	 –	 Curie	 actions,	
Innovative	 Training	 Networks	 (ETN),	 H2020	 –MSCA-	 ETN-2014.	 During	 the	 Ph.D.,	 I	
collaborated	with	Prof.	Andrea	Guzzetta	and	his	staff	at	the	Stella	Maris	Foundation	on	








with	 ASD,	 this	 study	 had	 the	 overall	 purpose	 to	 collect	 longitudinal	 data	 on	 motor	
development	of	infants	at	high	risk	for	ASD.	The	present	work	has	several	strengths	and	
gave	light	to	novel	findings.	First,	data	from	the	first	experimental	study	supported	the	
importance	of	 carefully	exploring	 the	developmental	 trajectories	of	 the	 spontaneous	
movements	in	the	first	5-6	months	of	life	of	infants	at	high-risk	for	ASD	since	potentially	
predictive	 of	 later	 social	 impairments.	 Second,	 the	 development	 of	 the	 MOVIDEA	
software	 provided	 the	 possibility	 of	 detecting	 spontaneous	 movements	 for	 future	
application	in	clinical	settings.	Finally,	the	standard	operative	procedures	developed	to	





In	 conclusion,	 the	 present	 work	 defined	 motor	 prenatal	 and	 postnatal	
trajectories	to	detect	early	signs	of	ASD	in	at-risk	populations.	 In	fact,	given	the	well-
established	link	between	motor	development	and	social	competencies,	it	is	possible	to	
use	 this	 protocol	 as	 screenings	 in	 clinical	 settings	 to	 identify	 children	 at	 risk	 for	
neurodevelopmental	 disorders	 early	 in	 life	 and	 provide	 them	 and	 their	 families	
adequate	care,	services	and	interventions.	Even	if	the	low	number	of	high	risk	with	ASD	
prevents	us	from	any	consideration	regarding	the	comparison	between	groups	and	the	


































































































































































by	persistent	 impairments	 in	 reciprocal	 social	 communication	and	 social	 interactions	
along	with	 the	 presence	 of	 restricted,	 repetitive	 patterns	 of	 behaviors,	 interests,	 or	
activities	(American	Psychiatric	Association,	APA	2013;	DSM-5,	2013).	According	to	the	




severity,	 developmental	 level,	 and	 chronological	 age	 (APA	2013;	DSM-5,	 2013).	 	 The	
term	“spectrum”	indicates	a	vast	spectrum	of	different	clinical	conditions	that	may	vary	
over	time	and	across	individuals.		The	DSM-5	lists	the	diagnostic	criteria	for	ASD	along	
with	 a	 detailed	 description	 of	 the	 full	 spectrum	 of	 symptoms.	 “Children	 with	 ASD	
present	deficits	in	social-emotional	reciprocity	(i.e.,	the	ability	to	engage	with	others	and	




language	 skills	 are	 intact,	 children	 with	 ASD	 may	 present	 the	 use	 of	 language	 for	
reciprocal	 social	 communication.	 Language	 is	 often	 one-sided,	 lacking	 in	 social	
reciprocity,	 and	used	 to	 request	 or	 label	 rather	 than	 to	 comment,	 share	 feelings,	 or	
converse.	 Deficits	 in	 nonverbal	 communicative	 behaviors	 are	manifested	 by	 absent,	
reduced,	or	atypical	use	of	eye	contact,	gestures,	facial	expressions,	body	orientation,	
or	speech	intonation”	(DSM-5,	APA,	2013).		












Retrospective	 studies	 using	 home	 videos’	 coding	 revealed	 atypical	 behaviors	
appearing	from	the	first	year	of	 life	and	other	studies	on	high-risk	 infants	(siblings	of	







According	 to	 the	 DSM-5,	 “common	 early	 features	 of	 ASD	 are	 impaired	 joint	
attention	 (as	 manifested	 by	 lack	 of	 pointing,	 showing,	 or	 bringing	 objects	 to	 share	
interest	 with	 others,	 or	 failure	 to	 follow	 someone's	 pointing	 or	 eye	 gaze),	 poor	
integration	of	eye	contact,	gestures,	body	posture,	prosody,	and	facial	expressions	for	


















The	Autism	and	Developmental	Disabilities	Monitoring	 (ADDM)	Network	 is	 an	 active	




of	 ASD	 in	 children	 aged	 7-9	 years	 around	 one	 in	 87	 (Narzisi	 et	 al.,	 2018).	 The	
interpretation	 of	 the	 possible	 increase	 over	 the	 past	 20	 years	 of	 the	 ASD	 condition	
remains	 controversial	 and	 it	 is	 still	 not	 clear	 if	 this	 growth	 is	 real	 or	 due	 to	 more	
awareness	or	improved	ascertainment.	The	ASD	condition	occurs	about	4	times	more	
often	in	males	compared	to	females	with	an	even	higher	range	(from	6:1	8	to	10:1)	in	
high	 functioning	 individuals	 with	 autism	 (HFA)	 (Fombonne,	 2003).	 Hiller,	 Young	 and	









To	 date,	 the	 causes	 of	 ASD	 are	 still	 unknown.	 There	 is	 growing	 evidence	
supporting	that	the	ASD	condition	mainly	results	from	a	complex	interaction	between	
an	 individual’s	genetic	profile	and	environmental	exposure	(Hunter,	2005).	The	 latter	
may	 cause	 profound	 changes	 in	 brain	 development	 and	may	 influence	 neurological	
processes	 such	 as	 cell	 differentiation,	 synaptogenesis	 and	 axon	 myelination	 (Lyall,	
Schmidt,	&	Hertz-Picciotto,	2014).	It	has	been	reported	that	maternal	lifestyle	and	diet	




may	have	beneficial	 effects	on	 the	 fetal	brain	development	 (Lyall,	 Schmidt,	&	Hertz-
Picciotto,	 2014),	whereas	maternal	 deficiencies	 in	 essential	 nutrients	 and	 fatty	 acids	











concentration	 of	 vitamin	 D	 in	 typically	 developing	 (TD)	 children	 could	 affect	 brain	
development	causing	morphological	and	functional	changes	also	observed	in	individuals	
with	 ASD	 (Jia	 et	 al.,	 2015).	 Environmental	 factors	 may	 directly	 act	 with	 some	




The	 fact	 that	 ASD	 is	 a	 complex	 and	 heterogeneous	 disease	 is	 supported	 by	 several	
studies	 that	demonstrated	 that	one	 single	environmental	 factor	 is	not	 sufficient	and	
responsible	for	the	ASD	predisposition.	It	 is	more	likely	that	a	combination	of	several	



















1	 to	 18	 years	 old	 samples	 ranges	 from	 9%	 to	 91%	 (Buie	 et	 al.,	 2010).	 This	 striking	
heterogeneity	may	 be	 due	 to	 several	 reasons:	 different	methodological	 approaches,	
various	measures	for	GI	symptoms,	different	criteria	to	define	GI	problem	or	numbers	
of	 GI	 symptoms	 considered	 to	 estimate	 prevalence,	 study	 design	 and	 different	
characteristics	 of	 study	 population	 (Fulceri	 et	 al.,	 2016).	 Moreover,	 a	 source	 of	
conflicting	 results	 may	 derive	 from	 the	 clinical	 features	 of	 the	 ASD	 samples	 since	
children	 with	 ASD	 and	 severe	 language/communicative	 impairment	 could	 have	




suffering	 from	GI	 symptoms	may	also	present	problem	behaviors,	 sensory	 sensitivity	
(Mazurek	 et	 al.,	 2013),	 sleep	 problems	 (Maenner	 et	 al.,	 2012),	 rigid-compulsive	
behaviors	(Peters	et	al.,	2014),	irritability,	anxiety,	affective	problems	and	externalizing	
behaviors	(Nikolov	et	al.,	2009;	Chaidez,	Hansen,	&	Hertz-Picciotto,	2014).		
These	 findings	 have	 been	 recently	 confirmed	 also	 in	 a	 sample	 of	 230	 Italian	
children	 with	 ASD	 (Fulceri	 et	 al.,	 2016).	 The	 authors	 explored	 the	 type	 and	 the	










TD	 group,	 ASD/GI+	 children	 had	 more	 anxiety	 problems,	 somatic	 complaints,	
externalizing	 and	 total	 problems	 than	 ASD/GI−	 individuals.	 Overall,	 the	 findings	






































































Atypical	 motor	 function	 among	 infants	 and	 children	 with	 ASD	 are	 well	
established	early	signs	of	atypical	development	(Esposito,	Venuti,	Apicella,	&	Muratori,	
2011;	 Landa	&	Garrett-Mayer,	 2006;	 Esposito	&	 Venuti,	 2008;	 Phagava	 et	 al.,	 2008;	
Esposito,	Venuti,	Maestro,	&	Muratori,	 2009).	Moreover,	motor	disturbances	 in	ASD	
might	 be	 related	 to	 the	 severity	 of	 core	 symptoms	 (Hilton,	 Zhang,	Whilte,	 Klohr,	 &	
Constantino,	2012;	Jasmin	et	al.,	2009;	MacDonald,	Lord,	&	Ulrich,	2013;	Mac-Donald	et	










Battery	 for	 Children,	 Green	 et	 al.,	 2009;	 Whyatt	 &	 Craig,	 2012;	 the	 Peabody	
Developmental	test,	Jasmin	et	al.,	2009;	Provost	et	al.,	2007;	Fulceri	et	al.,	2015).	Other	


































The	assessment	of	motor	 skills	 in	 children	 is	 a	 research	and	clinical	 challenge	







even	 if	 not	 significantly	 different	 from	 the	 scores	 of	 matched	 for	 gender	 and	
chronological	 age	 children	 with	 Developmental	 delay	 (DD).	 Using	 a	 similar	
methodological	 approach,	 Jasmin	 and	 colleagues	 (2009)	 confirmed	 the	 presence	 of	
motor	 disorders	 in	 preschoolers	 with	 ASD	 aged	 from	 3	 to	 4	 years	 old.	 The	 authors	
detected	a	gross	motor	impairment	in	the	63%	of	the	sample	and	a	general	delay	of	fine	








standardized	 assessment	 of	 the	 cognitive	 profile,	 investigation	 of	 the	 autistic	









included	 studies	 with	 the	 following	 inclusion	 criteria:	 control	 sample	 matched	 for	
chronological	and/or	mental	age	and/or	Intelligence	Quotient	(IQ)	with	their	ASD	peers,	
and		samples	with	more	than	30	individuals	for	each	group	(Abu-Dahab,	Skidmore,	Holm,	
Rogers,	 &	 Minshew,	 2013;	 Ament	 et	 al.,	 2015;	 Dewey,	 Cantell,	 &	 Crawford,	 2007;	
Dowell,	Mahone,	&	Mostofsky,	2009;	Duffield	et	al.,	2013;	Dziuk	et	al.,	2007;	Floris	et	
al.,	2016;	Sumner,	Leonard,	&	Hill,	2016;	Travers	et	al.,	2015).	These	findings	confirmed	
a	 41	 studies	 previous	meta-analysis	 reporting	 that	 TD	 participants	were	 significantly	
outperforming	motor	coordination,	arm	movements,	gait	and	postural	stability	scores	




















al.,	2011;	Shetreat-Klein,	Shinnar,	&	Rapin,	2014),	and	 in	stride	 length	 (Nayate	et	al.,	






velocity	 of	 gait,	 step	 length,	 cadence,	 step	 width,	 stance	 time	 and	 vertical	 ground	
reaction	forces	in	five	adult	patients	with	ASD.	The	only	significant	abnormality	was	the	
decreased	 range	 of	 ankle’s	 motion.	 The	 velocity	 of	 the	 gait	 and	 the	 step	 length	 at	
average	range	suggested	a	motor	dysfunction	of	the	cerebellum.		
The	 kinematic	 analysis	 of	 the	 gait	 provides	 a	 quantitative	 assessment	 of	 the	
locomotion	 and	 postural	 control	 taking	 into	 consideration	 different	 motor	 features	
integrated	into	the	same	locomotor	act.	The	motor	features	consisting	on	one	hand	in	
basic	 motor	 skills,	 assessed	 by	 gait	 parameters;	 parameters	 related	 to	 such	 as	
equilibrium,	body	orientation	and	postural	control,	and,	on	the	other	hand,	 in	motor	
planning	of	a	goal-directed	behavioral	parameters,	evaluated	as	the	ability	to	define	the	
best	 trajectory	 to	 reach	 the	 goal	 (Nayate,	 Bradshaw	&	Rinehart,	 2005;	Nobile	 et	 al.,	
2011).		Vernazza-Martin	and	colleagues	(2005)	investigated	basic	gait	parameters	such	











analysis,	 even	 with	 an	 expert	 clinical	 examination,	 were	 the	 abnormalities	 in	 the	
muscular	tone,	motor	controls,	praxes,	and	postural	control.		







appear	 to	 be	 uncoordinated	 and	 less	 smoothed	 in	 movements,	 with	 postural	
abnormalities	in	the	head	and	trunk.	In	the	same	direction,	the	second	group	with	ASD,	
aged	6	 to	 14	 years,	 had	 significantly	 greater	 stride	 length	 variability	 compare	 to	 the	
typical	developing	control	group.	Qualitative	analysis	showed	abnormal	arm	posturing,	
and	 lack	 in	motor	smoothness.	The	authors	underlined	the	stability	of	abnormal	gait	
features	 across	 developmental	 periods	 and	 suggested	 the	 involvement	 of	 both	
cerebellar	and	front-	striatal	basal	ganglia	regions.		





gait	 velocity	 that	might	 reflect	 the	presence	of	 compensatory	 strategies	 that	help	 to	
maintain	 balance	 control.	 Overall	 findings	 revealed	 that	 children	 with	 ASD	 had	 and	
impaired	 walking	 modality	 on	 a	 wide	 variety	 of	 motor	 parameters	 confirming	 the	
presence	of	basic	and	complex	motor	dysfunction	in	the	ASD	condition.	In	addition,	it	




the	 motor	 networks	 (i.e.,	 anomalous	 interconnections	 in	 the	 frontal-cerebellum-
thalamo-frontal	 network).	 The	movements	 impairments	 in	 individuals	with	ASD	may	
involve	not	only	basic	motor	skills	such	as	linear	gait	parameters,	but	also	motor	control	
strategies	 based	 on	 the	 processing	 and	 integration	 of	 sensory-motor	 information	
(Nobile	 et	 al.,	 2011). Biffi	 and	 colleagues	 (2018)	 have	 recently	 investigated	 the	 gait	
pattern	 of	 school-aged	 children	 with	 ASD	 compared	 to	 TD	 peers	 using	 some	 novel	
advanced	 technologies	 that	use	 treadmills	 together	with	virtual	 reality	environments	





move	 around	by	 changing	 body	 position.	 Thus,	 the	 achievement	 of	postural	 control	
plays	 a	 pivotal	 role	 in	 the	 child’s	 development	 (Mijna	 Hadders-Algra,	 2018).	 A	well-
functioning	 postural	 control	 system	 is	 important	 for	 walking	 (Horak	 2006),	 and	
evidences	 suggest	 that	 children	 with	 ASD	 exhibit	 difficulties	 with	 postural	 control	
(Nickel,	Thatcher,	Keller,	Wozniak,	&	Iverson,	2013;	Memari,	Ghanouni,	Shayestehfar,	&	
Ghaheri,	 2014).	 	 It	 has	 been	 reported	 that	 children	 with	 ASD	 demonstrated	 larger	
excursions	 in	 postural	 sway	 than	 controls	 in	 quiet	 standing	 (Fournier,	 Amano,	














to	 maintain	 balance	 is	 different	 from	 the	 sway	 in	 TD	 children:	 the	 clinical	 sample	
appeared	to	have	a	greater	instability	in	the	medial-lateral	axis	compared	their	controls,	
who	were	more	unstable	in	the	anterior-posterior	axis	(Downey	&	Rapport,	2012;	Lim,	
Partridge,	Girdler,	&	Morris,	 2017).	Memari	 and	 colleagues	 highlighted	 that	 it	 is	 not	
possible	to	write	definitive	conclusions	could	on	determinants	of	the	posture	due	to	the	
heterogeneity	 of	 ASD	 groups	 studied	 (Memari,	 Ghanouni,	 Shayestehfar,	 &	 Ghaheri,	
2014).	Their	review	suggested	that	clinical	and	demographical	variables	(i.e.,	the	severity	
of	the	disorder,	the	level	of	IQ,	the	co-occurrence	of	other	psychiatric	or	neurological	
disorders,	 and	 the	 socio-demographic	 variables)	 along	 with	 the	 general	 motor	
impairments	might	 contribute	 to	postural	 control	patterns	 in	 children	with	ASD.	The	
large	magnitude	of	postural	sway	in	standing,	combined	with	increased	step	width	and	















Typically,	 these	 actions	 are	 performed	by	 the	 upper	 extremities	 and	 often	 involve	 a	
transport	 component	 that	moves	 the	 hand	 from	 the	 starting	 position	 to	 the	 object	
(reaching)	and	a	manipulation	component	in	which	the	object	is	grasped	(manipulation)	
(Mijna	Hadders-Algra,	2018).		
Impairments	 in	 fine	 motor	 skills	 and	 differences	 in	 the	 manual	 dexterity	
performances	 have	 been	 detected	 in	 children	 and	 adolescents	 with	 ASD	 using	 the	





handling,	 grasping	 and	 visual-motor	 tasks	 (Jasmin	 et	 al.,	 2009;	 Provost	 et	 al.,	 2007;	
Fulceri	et	al.,	2015).	Impairments	in	fine	motor	skills	may	affect	learning	in	every	day	
actions	such	as	grooming,	dressing,	writing,	and	using	implements	(Jasmin	et	al.,	2009).	
Moreover,	 through	 fine	motor	 activities	 children	 explore	 the	world	 (David,	 Baranek,	
Wiesen,	Miao,	 &	 Thorpe,	 2012).	 Indeed,	 disturbances	 in	 these	 skills	 may	 affect	 the	
children’s	 ability	 to	 play,	 explore,	 use	 tools,	 and	 engage	 in	 social	 relationships.	 The	
development	of	 sensorimotor	 skills	also	 relies	on	grasp	objects	and	manipulate	 skills	
allow	 children	 to	 explore	 physical	 features	 of	 the	 objects	 (Sacrey	 et	 al.,	 2015).	 This	
panorama	suggests	that	the	atypical	object	exploration	modality	observed	in	infants	(12	
months-old)	 later	 diagnosed	with	 ASD	 is	 particularly	 relevant	 (Ozonoff	 et	 al.,	 2008).		
Indeed,	typical	developing	infants	are	able	to	grasp	objects,	observe,	feel	the	texture	
with	 the	 touch,	 and	 place	 objects	 in	 their	 mouth	 to	 taste	 it.	 In	 this	 direction,	





abilities	 and	manual-motor	 abilities	 could	 differ	 between	 children	 with	 ASD	 and	 TD	
children	during	infancy	and	toddlerhood.	
The	ability	to	plan,	execute,	and	monitor	ongoing	movements	is	fundamental	in	
order	 to	 complete	 goal	 directed	 movements	 (Schmitz,	 Martineau,	 Barthélémy,	 &	
Assaiante,	 2003).	 Sacrey,	 Germani,	 Bryson,	 and	 Zwaigenbaum	 (2014)	 have	 reviewed	
literature	findings	in	ASD	population	on	motor	planning	that	used	reaction	times	and	
reach	to	grasp	tasks,	motor	execution	measured	by	grasping	tasks,	and	motor	control	
that	 used	 load-lifting	 tasks,	 adaptation	 tasks,	 and	 motor	 knowledge.	 Overall,	 their	
findings	 suggested	 that	 motor	 planning,	 motor	 execution	 and	 motor	 correction	 are	
impaired	 in	 children	 with	 ASD	 (Sacrey,	 Germani,	 Bryson,	 and	 Zwaigenbaum	 2014).	
Children	with	ASD	 showed	 longer	 reaction	 times	 (i.e.,	 the	 time	 taken	 by	 children	 to	
elaborate	a	motor	plan)	 (Mari,	Castiello,	Marks,	Marraffa,	&	Prior,	2003;	Glazebrook,	






Children	 with	 ASD	 may	 present	 symptoms	 referring	 to	 the	 ADHD	
symptomatology	(Carpenter,	Loo,	Yang,	Dang,	&	Smalley,	2009;	Grzadzinski	et	al.,	2011;	
Nijmeijer	et	al.,	2009;	Sinzig,	Morsch,	Bruning,	Schmidt,	&	Lehmkuhl,	2008).	To	date,	the	
research	 on	 potential	 indicators	 of	 later	 ADHD	 symptomatology,	 detected	 using	 the	
motor	 domain	 indicators	 during	 infancy,	 is	 scarce	 (Kern	 et	 al.,	 2015).	 Early	 motor	
indicators	 of	 ADHD,	 if	 present,	 are	 non-specific,	 and	 therefore	 not	 yet	 useful	 in	 the	
clinical	 screening.	 Spontaneous	motility	 seems	 to	 be	 a	 promising	measure	 for	 early	
ADHD	detection,	although	further	studies	with	large	cohorts	are	needed	to	determine	
its	clinical	role	in	populations	at	risk	of	having	ADHD	(Athanasiadou	et	al.,	2019).	
Little	 is	 known	 about	 the	 neurophysiological	 and	 functional	mechanisms	 that	
underlie	motor	 deficits	 in	 children	with	 ASD,	 but	 one	 current	 hypothesis	 is	 that	 the	
impairments	 in	hierarchical	action	planning	have	a	relevant	role	(Gowen	&	Hamilton,	
2013).	In	the	functional	hierarchy	of	goal-directed	behavior,	the	final	goal	of	an	action	is	
the	 selection	 of	 an	 immediate	 goal	 in	 order	 to	 support	 a	 smooth	 and	 integrated	
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organization	 between	 subsequent	 movements	 (Rosenbaum,	 Vaughan,	 Barnes,	 &	
Jorgensen,	 1992;	 van	 Schie	 &	 Bekkering,	 2007).	 Moreover,	 a	 movement	 is	 planned	
effectively	 when	 begin	 an	 action	 with	 an	 uncomfortable	 grasp,	 but	 end	 it	 with	 a	
comfortable	grip.	Hughes	(1996)	revealed	that	children	with	ASD	tended	to	not	plan	a	
series	 of	 movements	 resulting	 in	 a	 comfortable	 end-grasp	 posture	 suggesting	
impairments	in	simultaneous	representation	and	coordination	of	multiple	consecutive	







encouraged	 a	 comfortable	 hand	 posture	 reflected	 motor	 experience	 rather	 than	
predictive	planning.		
Internal	 models	 for	 actions	 provide	 a	 prediction	 of	 the	 upcoming	 sensory	
consequences	of	actions	and	use	deviations	from	what	was	expected	to	be	generated	







goal.	 This	 pattern	may	 be	 indicative	 of	 their	 difficulty	 in	 anticipating	 the	 perceptual	
consequences	 (Gowen	&	Hamilton,	2013).	 In	a	 similar	 study,	 Stoit,	 van	Schie,	 Slaats-












anticipation	 in	 feeding	 behavior	 reported	 by	 Brisson,	Warreyn,	 Serres,	 Foussier,	 and	
Adrien-Louis	(2012)	in	infants	aged	between	4	and	6	months	later	diagnosed	with	ASD.	
Mari	 et	 al.	 (2003)	 suggested	 that	 the	 deficit	 in	 the	 simultaneous	 and	 coordinated	
activation	of	independent	motor	components	also	emerged	at	the	level	of	single-step	
motor	acts.	The	authors	reported	that	children	with	ASD	presented	the	reaching	and	
grasping	 kinematics	 uncoupled	movements	 and	 executed	 them	 in	 a	 successive	 non-
overlapping	manner.	Moreover,	the	“lower	functioning”	group	(IQ	ranging	between	70–
79	 scores)	 showed	 a	 desynchronization	 between	 the	 reaching	 and	 grasping	
components,	 whereas	 the	 “higher	 functioning”	 group	 (IQ	 ranging	 between	 80–109	
scores)	 demonstrated	 closely	 integrated	 and	 overlapping	 movements.	 These	 results	
highlight	 the	 importance	 of	 including	 IQ	 and/or	 developmental	matched	 controls	 to	
determine	the	specificity	of	ASD	movements’	patterns.		
Joint	 action	 is	 defined	 as	 “form	 of	 social	 interaction	 in	 which	 two	 or	 more	
individuals	coordinate	their	actions	 in	space	and	time	to	bring	about	a	change	 in	the	
environment”	(Knoblich	&	Sebanz,	2008;	Sebanz	et	al.,	2006).	 In	everyday	life,	we	do	
several	 actions	 requiring	 the	 movements	 coordination	 with	 other	 individuals.	 Two	
different	 types	 of	 coordination	may	 occur	when	 people	 act	 together:	 emergent	 and	
planned	 coordination.	 Emergent	 coordination	 occurs	 spontaneously	 between	
individuals	who	have	no	plan	to	perform	actions	together.	Planned	coordination	arises	
when	individuals	plan	their	actions	toward	others’	actions	 in	order	to	reach	a	shared	




Bekkering,	 Paulus	 &	 Hunnius,	 2010).	 This	 ability	 to	 smoothly	 coordinate	 with	 each	
other’s	during	a	joint	action	implies	that	an	individual	should	present	a	range	of	motor	
and	 social	 cognitive	 competencies:	 joint	 attention,	 turn-taking,	 goals	 and	 intentions	
sharing,	 actions	 understanding,	 motor	 planning,	 and	 predictive	 abilities.	 All	 these	
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competencies	 are	 based	 on	 the	 sensory-motor	 processes	 emerging	 very	 early	 in	 life	
(Falck-Ytter	et	al.,	2006;	Yu	&	Smith,	2013;	Zoia	et	al.,	2007).	Recently	emerged	a	new	
research	field	which	studies	the	interplay	between	sensory-motor	processes	and	social	









the	uterine	wall	 because	 they	are	 longer,	 have	a	prolonged	deceleration	 time	and	a	
higher	degree	of	accuracy.	This	study	has	shown	that	the	social	actions	already	appear	
in	the	second	trimester	of	pregnancy,	and	provided	important	 information	about	the	
social	 dimension	of	motor	 planning	 and	 control	 in	 fetal	 life.	 Some	hours	 after	 birth,	
newborns	socially	interact	by	imitating	adult	facial	gestures	(Meltzoff	&	Moore,	1983).	




develops	 considerably	 within	 the	 first	 three	 years	 of	 life	 (Brownell	 et	 al.,	 2006).	




















Figure 1 Joint action’s developmental milestones. 	
	
	
A	 growing	 body	 of	 research	 on	 ASD	 revealed	 difficulties	 in	 sensory-motor	











































common	goal	 (i.e.,	 “what”),	 engage	 in	 joint	 attention	 (i.e.,	 “where”)	 and	predict	 the	
timing	of	the	other’s	actions	and	finally,	plan	their	own	actions	 in	order	to	achieve	a	
temporal	coordination	(i.e.,	“when")	(Sebanz	&	Knoblich,	2009).	Prediction	in	successful	
joint	 actions	 relies	 on	 the	 a	 priori	 knowledge	 about	 the	 action’s	 goal	 and	 on	 the	











2013).	 They	 can	 also	 understand	 the	 goal	 of	 others	 and	help	 them	 to	 achieve	 them	
(Liebal,	 Colombi,	 Rogers,	 Warneken,	 &	 Tomasello,	 2008).	 However,	 impairments	






















impaired	 in	 joint	 action	 coordination	 when	 they	 had	 to	 rely	 only	 on	 kinematic	




















for	 more	 extended	 periods	 of	 time	 compared	 to	 age-matched	 TD	 children	 (Watt,	
Wetherby,	Barber,	&	Morgan,	2008).	Moreover,	higher	frequency	and	greater	diversity	
of	 RRB	 in	 young	 children	 with	 ASD	 compared	 age-matched	 TD	 have	 been	 recently	










the	warning	 role	of	 repetitive	 actions	with	objects	 and	 repetitive	movements	of	 the	
body/arms/hands	as	a	red	flag	for	the	ASD	diagnosis	in	the	second	year	of	life.	Recent	
findings	 suggest	 that	 bilateral	 Repetitive	 Movement	 Episodes	 (RMEs),	 might	
differentiate	 infants	with	ASD	 from	 infants	with	DD	 and	 TD	 aged	between	6	 and	 12	
months	with	a	satisfactory	diagnostic	efficiency	(i.e.,	higher	in	infants	with	ASD)	(Purpura	
et	al.,	2017).	No	significant	difference	was	found	between	the	distributions	of	unilateral	
RMEs	between	ASD	and	DD/TD.	 Thus,	 the	presence,	 at	 an	early	 age,	 of	ASD-specific	
pattern	such	as	bilateral	repetitive	movements	might	suggest	a	continuum	between	this	










see:	 Langen,	 Durston,	 Kas,	 van	 Engeland,	 &	 Staal,	 2011;	 Leekam,	 Prior,	 &	 Uljarevic,	
2011).	Moreover,	according	to	the	DSM-IV-TR	(American	Psychiatric	Association,	2000),	




Scale-Revised	 (RBS-R; Bodfish,	 Symons,	 Parker,	 &	 Lewis,	 2000)	 was	 applied	 to	 79	
preschool-aged	children	with	ASD	who	underwent	a	comprehensive	clinical	assessment	
at	IRCCS	Stella	Maris	Institute.	The	relationship	between	RRB	and	sex,	age,	non-	verbal	
IQ,	 autism	 severity,	 as	 well	 as	 the	 diagnostic	 accuracy	 of	 the	 RBS-R	 were	 explored.	
Findings	revealed	that	Stereotyped	and	Ritualistic/Sameness	behaviors	were	the	most	
common	 RRBs	 in	 preschoolers	 with	 ASD,	 without	 widespread	 differences	 between	
males	and	females.	No	significant	correlations	between	RRBs	and	chronological	age,	or	
non-verbal	 IQ	 were	 detected.	 The	 expressiveness	 of	 ritualistic/sameness	 behaviors	
positively	 correlated	 with	 autism	 severity,	 assessed	 through	 the	 Calibrated	 Severity	
Score	 	 	derived	 from	the	ADOS	 (Lord,	2000).	 Finally,	 the	 scores	on	RBS-R	of	 the	ASD	















features	 of	 ASD,	 the	 literature	 data	 are	 not	 still	 conclusive.	 Both	 the	 different	
methodological	approaches	assessing	motor	skills	and	the	heterogeneity	of	the	clinical	
















with	 a	 wide	 range	 of	 cognitive	 functioning	 (Fulceri	 et	 al.,	 2015;	 Green	 et	 al.,	 2009;	
Vanvuchelen	et	al.,	2007).	 In	 this	 regard,	 it	has	been	reported	that	 lower	 intellectual	
functioning	may	be	 related	 to	 reduced	motor	 skills	 (Dowell	et	al.,	2009;	Dziuk	et	al.,	
2007;	 Green	 et	 al.,	 2009;	 Hilton	 et	 al.,	 2012;	Mari	 et	 al.,	 2003;	 Fulceri	 et	 al.,	 2015;	
Vanvuchelen	et	al.,	2007).			
The	largest	meta-analysis	on	this	issue	to	date	(Fournier	et	al.,	2010)	was	unable	
to	determine	 the	 impact	of	 intellectual	 functioning	on	motor	 skills.	Analogously,	 the	
relationship	between	motor	impairments	and	language	abilities	in	children	with	ASD	has	
not	 been	 yet	 clarified.	 The	 observation	 of	motor	 impairments	 in	 children	with	 poor	
















These	 research	 issues	 have	 been	 recently	 supplied	 through	 an	 innovative	
approach	 (Fulceri	 et	 al.,	 2018).	 A	 dataset	 including	 data	 on	 both	motor	 and	 clinical	
features	of	a	sample	of	children	with	ASD	has	been	analyzed	through	the	Artificial	Neural	
Networks	(ANNs)	approach.	ANNs	are	computational	adaptive	systems	inspired	by	the	
















Motor	 delays	 or	 impairments	 have	 repeatedly	 been	 reported	 in	 infants	 and	
toddlers	 later	 diagnosed	 with	 ASD.	 Different	 types	 of	 instruments	 have	 been	

















suggesting	 that	 children	 with	 ASD	 attained	 independently	 walking	 on	 average	 1.6	
months	later	than	age-	and	gender-matched	TD	peers.	Moreover,	children	with	ASD	had	
significantly	 greater	 joint	mobility	 and	 higher	 gait	 abnormalities	 compared	 to	 peers.	
Lloyd	 et	 colleagues	 (2013)	 founded	 that	motor	milestones	 of	 children	with	 ASD	 fall	




developmental	 disabilities	 walking:	 12–18	 months;	 children	 without	 developmental	
disabilities	sitting:	6–9	months),	using	the	Autism	Diagnostic	Interview-Revised	(ADI-R,	
Rutter,	 2003).	However,	 comparing	 the	gross	motor	and	 fine	motor	 skills	of	 a	 cross-
sectional	group	of	162	children	with	ASD	(12–36	months)	through	the	Mullen	Scale	of	
Early	Learning	(MSEL),	the	authors	showed	that	the	gross	motor	age	equivalents	for	all	
the	 children	 in	 each	 age	 group	 were	 below	 the	 expected	 chronological	 age	 level.	
Moreover,	 58	 children	 with	 ASD	 were	 longitudinally	 assessed	 over	 two-time	 points	
(approximately	12	months	apart)	suggesting	that	the	differences	between	chronological	
age	 and	 gross	motor	 age	 equivalent	 increased	 progressively	 from	 12	 to	 36	months.	




Interesting	 findings	 also	 emerged	 in	 the	 retrospective	 examination	 of	 home	
videotapes	 of	 children	 later	 diagnosed	 with	 ASD.	 Assessing	 the	 home	 videos	 of	 11	
children	 with	 ASD	 at	 9–12	 months	 of	 age,	 Baranek	 (1999)	 found	 subtle	 yet	 salient	
sensory-motor	 deficits,	 including	 excessive	 mouthing	 of	 objects.	 Again,	 using	 home	
videotapes	analysis,	Adrien	and	colleagues	found	hypotonia,	hypoactivity,	and	unusual	
postures	in	children	later	diagnosed	with	ASD	while	Teitelbaum	and	colleagues	(1998,	
2004)	 observed	 disturbances	 of	 movement	 at	 4–6	months	 age	 and	 aberrant	 motor	
patterns,	 including	 persistence	 of	 primitive	 reflexes	 and	 delays	 in	 head	 righting	







and	 colleagues	 (2009)	 retrospectively	 examined	 videotapes	 of	 infants	 aged	 12	 to	 21	
weeks	and	showed	a	more	significant	presence	of	static	and	dynamic	asymmetries	in	
laying	in	infants	later	diagnosed	with	ASD	compared	to	two	control	groups:	infants	with	














TD.	 In	 detail,	 the	 meta-analysis	 examined	 data	 from	 26	 studies,	 which	 included	
individual	data	from	1,953	infants	with	ASD	and	78,473	TD	infants.	It	should	be	noted	
that	 the	 meta-analysis’s	 authors	 included	 the	 Lemcke,	 Juul,	 Parner,	 Lauritsen,	 and	





be	 less	 advanced	 than	 in	 neurotypical	 peers.	 The	 30.7%	 of	 the	 included	 studies	
examined	 gross	 motor	 skills,	 the	 52.5%	 fine	 motor	 skills,	 and	 the	 16.8%	 were	 a	
combination	of	gross	and	fine	motor	skills.	Three	types	of	instruments	were	mainly	used	















Siblings	of	 children	with	ASD	are	at	 increased	 risk	 (~20	%)	of	developing	ASD	
compared	 to	 the	 1	 %	 rate	 for	 the	 general	 population	 (Ozonoff	 et	 al.,	 2011).	 The	





lack	 of	 eye	 contact,	 reciprocal	 smiling,	 and	 social	 engagement).	 To	 date,	 no	
developmental	 differences	 have	 been	 reliably	 detected	 at	 6	 months	 in	 HR	 infants	




Some	 studies	 revealed	 that	 HR	 risk	 infants	 presented	 motor	 developmental	
differences	compared	to	low	risk	(LR)	-infants	(siblings	of	children	without	a	diagnosis	of	
ASD)	already	at	6	months	of	age	(Bryson	et	al.	2007;	Flanagan,	Landa,	Bhat,	&	Bauman,	
2012;	 Iverson	&	Wozniak,	 2007;	Nickel,	 Thatcher,	 Keller,	Wozniak,	&	 Iverson,	 2013).	
Thus,	the	systematic	observation	of	motor	functioning	at	an	early	age	of	development	
may	be	useful	 to	 indicate	 some	 impairments,	even	before	 that	 the	ASD	core	deficits	
emerge	(Libertus	and	Violi,	2016).		
Zwaigenbaum	and	colleagues	(2005)	identified	a	reduced	activity	level	in	some	








disengagement	 of	 visual	 attention,	 orienting	 to	 own	 name,	 imitation,	 social	 smiling,	
reactivity,	 social	 interests,	 and	 sensory-oriented	 behaviors,	 delayed	 expressive	 and	
receptive	 language.	 	 Heathcock,	 Tanner,	 Robson,	 Young,	 and	 Lane	 (2015)	 observed	
fewer	midline	 behaviors	with	 the	 upper	 extremities	 and	 delayed	motor	 skills	 in	 the	







the	Mullen	 Scales	 of	 Early	 Learning	 (MSEL;	Mullen,	 1995)	 at	 6,	 14,	 and	 24	months.	
Findings	revealed	poor	motor	skills	in	children	diagnosed	with	ASD	at	14	months	with	a	





to	 exhibit	 delayed	 language	 development	 at	 18	 months.	 Loh	 et	 colleagues	 (2007)	













group	 two	continued	 to	perform	 IQ	 scores	on	or	near	average).	 In	all	 children,	early	
impairment	 in	 social-communicative	 development	 coexisted	 with	 atypical	 sensory	
and/or	atypical	motor	behaviors.		
Brian	and	colleagues	 (2008)	 longitudinally	assessed	155	HR	 infants	and	73	LR	 infants	
showing	that	the	motor	control	skills	measured	at	18	months	of	age	predicted	the	later	
clinical	ASD	diagnosis	using	the	ADOS	and	the	ADI-R	at	three	years	of	age.	Ozonoff	et	al.	
(2010)	 examined	 the	 developmental	 trajectories	 of	 50	 infants	 classifying	 their	




















motor	 delay),	 and	 4	 (widespread	 delayed	 skill	 acquisition).	 Flanagan	 and	 colleagues	
(2012)	evaluated	the	development	of	40	HR	infants	from	6	to	36	months.	In	this	study,	
a	 presence	 of	 head	 lag	 along	 with	 other	 early	 developmental	 alterations	 was	
significantly	associated	with	ASD	diagnosis	at	36	months.		




12	 to	 36	months.	 The	 authors	 used	 a	 parent	 report	 and	 a	 standardized	 observation	
measures	to	assess	fine	motor	skills	from	12	to	24	months	in	HR	infants	(Study	1)	and	its	
relationship	with	 the	 later	 expressive	 vocabulary	 at	 36	months	 (Study	 2).	HR	 infants	
exhibited	 fine	 motor	 delays	 between	 12	 and	 24	 months	 and	 expressive	 vocabulary	
delays	at	36	months.	Further,	fine	motor	skill	significantly	predicted	expressive	language	
at	 36	 months.	 These	 findings	 have	 been	 recently	 confirmed	 by	 Choi,	 Leech,	 Tager-




69	 LR	 infants	 without	 ASD	 diagnoses.	 Findings	 revealed	 that	 HR	 infants	 who	 later	
developed	ASD	showed	significantly	slower	growth	in	fine	motor	skills	between	6	and	
24	 months,	 compared	 to	 their	 TD	 peers.	 Moreover,	 fine	 motor	 skills	 at	 six	 months	
predicted	expressive	language	outcomes	at	three	years	of	age.		
Nickel,	Thatcher,	Keller,	Wozniak,	and	Iverson	(2013)	prospectively	investigated	
early	 posture	 development	 in	 22	 HR	 infants	 (four	 were	 diagnosed	 with	 ASD	 at	 36	
months)	 and	 in	 18	 LR	 infants.	 Infants	were	 videotaped	 at	 home	 at	 6,	 9,	 12,	 and	 14	
months	during	everyday	activities	and	infant	postures	were	coded.	Compared	to	the	LR	
infants,	HR	infants	were	slower	to	develop	sitting	and	standing	positions.	HR	infants	later	
diagnosed	 with	 ASD	 exhibited	 substantial	 delays	 in	 the	 arising	 of	 more	 advanced	
postures	and	initiated	fewer	posture	changes.	It	should	be	noted	that	postural	delays	
may	 impact	 the	 opportunities	 for	 infant	 to	 explore	 and	 learn	 from	 the	 environment	




scales	 at	 all	 visits,	with	 substantially	 lower	motor	 scores	 in	 the	HR	group	which	was	
evident	 from	 the	 early	 age	 of	 6	months	 (as	 assessed	 by	 a	 parental	 report),	 and	 12	
months	 (as	 measured	 by	 a	 standardized	 assessment).	 Later,	 Sacrey	 and	 colleagues	



























The	 overall	 objective	 of	 my	 current	 project	 is	 to	 investigate	 antenatal	 and	
postnatal	motor	development	in	fetuses	and	infants	at	low-	and	high-risk	for	ASD	aiming	
to	 identify	 early	 predictors	 of	 ASD.	 The	 hypothesis	 is	 that	 assessment	 of	 motor	









of	 autism	 spectrum	 disorders	 (NIDA)	 and	 the	 European	 project	 “Brainview	 –	 fetal	
ultrasound	 screening	 for	 neurodevelopmental	 disorders	 in	 normal	 and	 high-risk	

















(i.e.,	 siblings	 of	 children	 with	 a	 diagnosis	 of	 ASD,	 preterm	 newborns	 and	 small	 for	
gestational	age	newborns)	and	LR	infants	(i.e.,	siblings	of	typically	developing	children)	
between	0	to	36	months.		The	NIDA	Network	has	been	active	since	2012	thanks	to	the	
funding	 of	 the	 Ministry	 of	 Health,	 Centre	 for	 Disease	 Control	 and	 Prevention	 and	
currently	 through	 the	 Network	 Project	 of	 the	 Directorate	 General	 of	 Research	 and	
Innovation	in	Health	of	the	Ministry	of	Health,	the	European	project	BRAINVIEW,	MARIE	

















































spontaneous	 movements	 collected	 by	 ISS	 and	 scored	 by	 the	 Stella	 Maris’s	 staff	 of	
Andrea	 Guzzetta.	 Moreover,	 Dr.	 Jessica	 Tealdi	 trained	 me	 in	 the	 theoretical	 and	





activity	 of	 infants	 at	 low	 and	 high	 risk	 for	 autism	 spectrum	 disorder	 (i.e.	 siblings	 of	







Finally,	 under	 the	 supervision	 of	 Dr.	 Maria	 Luisa	 Scattoni,	 I	 reviewed	 the	
literature	 on	motor	 assessment	 in	 sibling	 of	 children	with	ASD	with	 the	 final	 aim	 to	





















participate.	 They	 emerge	 during	 early	 fetal	 life	 and	 gradually	 disappear	 when	 goal-
directed	arm	movements	develop	between	 the	age	of	3	 to	5	months	 corrected	age.	
Typical	 general	 movements	 are	 characterized	 by	 complexity	 and	 variation,	 whereas	




























weeks'	 and	 disappear	 around	 15	 to	 20	 weeks'	 post-term	 age.	 Abnormal	 fidgety	






























GMs	 evaluated	 according	 to	 visual	 Gestalt	 perception	 are	 proved	 to	 predict	
cerebral	palsy	with	a	 sensitivity	greater	 than	91%	and	a	 specificity	greater	 than	81%	
(Einspieler	et	al.,	2014).	Anyway,	since	the	GMs	quality	reflects	the	integrity	of	extensive	
neural	 networks	 involving	 not	 only	 cortical	 areas,	 but	 also	 their	 connectivity	 with	
subcortical	 relay	stations,	 the	quality	of	GMs	reflects	 the	 interconnective	 integrity	of	
complex	cortical-subcortical	networks	explaining	why	atypical	GMs	quality	has	been	not	
only	 associated	 with	 cerebral	 palsy	 but	 also	 with	 cognitive	 impairment,	 attention-
deficit-hyperactivity	disorder,	and	minor	neurological	dysfunction	(Hadders-Algra,	2007;	
Einspieler,	Bos,		Libertus	&	Marschik,	2016).	
Einspieler	 and	 colleagues	 (2014)	 have	 recently	 reviewed	 the	 literature	
identifying	an	association	between	motor	abnormality	in	the	first	5	months	of	infancy	
and	later	diagnosis	of	ASD.	Conclusions	revealed	that	even	if	GMs	are	a	diagnostic	tool	
that	 has	 repeatedly	 proven	 to	 be	 valuable	 in	 detecting	 early	 markers	 for	 different	
neurodevelopmental	 disorders,	 overall	 data	 were	 not	 conclusive	 especially	 for	 ASD.	
Indeed,	even	if	the	rate	of	occurrence	of	abnormal	GMs	was	found	exceedingly	high	in	
infants	later	diagnosed	with	ASD,	the	author	strongly	recommended	further	prospective	






and	 the	 control	 groups	 in	 both	 GMs	 and	 in	 optimality	 scores.	 In	 detail,	 during	 the	
writhing	 movement	 period,	 the	 70.0%	 sequences	 of	 infants	 with	 ASD	 showed	 poor	
repertoire	 GMs	 whereas	 the	 poor	 repertoire	 GMs	 were	 seen	 in	 only	 12.5%	 of	 the	
sequences	 in	the	control	group.	Moreover,	 in	the	fidgety	movement	period	20.8%	of	
sequences	 of	 ASD	 group	were	 assessed	 as	 absent	 fidgety	movements	 and	 29.2%	 as	








degree	of	variation	 in	available	GM	trajectories,	and	the	 lack	of	detailed	 information	
about	outcome	and	severity	of	the	phenotype.		
The	prospective	study	of	Hadders-Algra,	Bouwstra	&	Groen	(2009)	explored	the	
relationships	 between	 abnormal	 GMs	 and	 ADHD	 with	 or	 without	 psychiatric	 co-
morbidity	 at	 school-age.	 25	 LR	 full	 term	 infants	 and	 16	 infants	 at	 high	 risk	 for	
neurodevelopmental	disorder	were	enrolled	evaluating	the	GMs	(writhing	and	fidgety).	








usually	 followed	 by	 abnormal	 monotonous	 fidgety	 movements.	 Moreover,	 they	










school	age,	 including	cerebral	palsy.	 In	addition,	a	 lack	of	 complexity	and	movement	
variation	 was	 associated	 with	 the	 presence	 of	 behavioural	 problems.	 Overall	 these	
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findings	 confirmed	 previous	 published	 data	 according	 to	 with	 early	 monotonous	















collaborate	with	 one	 of	 the	 largest	 Italian	 companies	 in	 the	 information	 technology	
sector	for	its	specialization	in	the	field	of	biomedical	sciences	(Ab.Acus,	Milan).	I	have	
collaborated	with	the	director	of	the	same	company	(the	engineer	Dr.	Maria	Bulgheroni,	
who	 for	 years	 has	 been	 focusing	 his	 research	 on	 the	 development	 of	 advanced	





















































can	 therefore	 be	 used	 as	 an	 estimate	 of	 movement	 from	 a	 video	 sequence.	 The	










questionnaire”	 (Libertus	 and	 Landa,	 2013).	Under	 the	 supervision	 of	Dr.	Maria	 Luisa	
Scattoni,	 I	 have	 been	 involved	 in	 translating	 and	 adapting	 the	 questionnaire	 “Early	












typically	 emerging	 within	 the	 first	 two	 years	 of	 life	 (0–24	 months).	 Other	 primary	
caregivers	(e.g.,	a	grandparent	or	a	nanny)	may	also	complete	the	EMQ	even	if	it	is	not	







(age	 range	3-24	months)	who	had	been	enrolled	 in	a	 longitudinal	 study	on	 the	early	
detection	 of	 ASD.	 About	 59%	 of	 the	 children	 are	 younger	 siblings	 of	 a	 child	 with	 a	














kinds	of	questionnaires	 require	minimal	 time	 for	 scoring	and	are	 thought	 to	be	 low-
expensive	 in	 contrast	 to	 examiner-administered	 assessments.	 To	 date,	 few	












































Spontaneous	movements	 of	 LR	 and	HR	 infants	 enrolled	 in	 the	NIDA	Network	
have	been	coded	by	the	researchers	of	Stella	Maris	and	ISS.	In	detail,	the	assessment	of	
spontaneous	movements	was	performed	by:		
- General	Movements	Optimality	score	analyzed	by	 the	GM	Optimality	List	 for	
Preterm	GMs	and	Writhing	Movements	 scale	 (Ferrari	 et	 al.,	 1990_	modified).	
This	 scale	 provided	 information	 on	 the	 quality	 of	 spontaneous	 movements	
included	 in	 the	writhing	 repertoire.	 The	 final	 score,	 the	GM	Optimality	 score	
(ranging	from	8	to	18),	it	is	calculated	summing	the	scores	provided	in	terms	of	




information	on	 the	quality	of	 spontaneous	movement	 included	 in	 the	 fidgety	
repertoire.	The	final	score,	the	Motor	Optimality	score	(ranging	from	5	to	28),	it	
is	calculated	by	collapsing	scores	from	5	categories:	fidgety	movements	(max	12	
points),	 repertoire	 of	 co-existent	 other	movements	 (max	 4	 points),	 quality	 of	
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rotary	 components	 (max	 2	 points),	 onset	 and	 offset	 (max	 2	 points),	 tremulous	
movements	(max	2	points).	Figure	6	showed	the	developmental	trajectories	of	the	GM	
optimality	score	between	10	days	and	6	weeks.		

























Figure	7	showed	the	developmental	 trajectory	of	 the	Fidgety	Motor	optimality	 score	
between	12	and	18	weeks.	As	specified	in	the	Methods	Section,	the	motor	optimality	
score	was	derived	from	5	categories:	fidgety	movements	(max	12	points),	repertoire	of	

























the	 Motor	 optimality	 score	 at	 24	 weeks	 of	 age.	 The	 statistical	 analysis	 detected	 a	












Table	 4	 shows	 features	 extracted	 by	 MOVIDEA	 at	 10	 days,	 6-12-18-24	 weeks	 for	
HR_ASD,	HR_	NDD	and	HR_	No	diagnosis	group.	 
 





























Figure 10 Velocity of Centroid of motion. Bars are standard errors	
	
As	for	the	category	‘Acceleration	of	motion’,	HR_ASD	infants	showed	an	accelleration	of	






























Figure 14 Cross correlation hand. Bars are standard errors 
 

























have	 been	 evaluated	 by	 a	 team	 of	 researchers	 with	 a	 specific	 expertise	 in	 the	
assessment	of	general	movements	(advanced	GMs	course).	Second,	the	motor	features	
have	been	assessed	through	MOVIDEA,	a	new	software	able	to	analyze	the	2D	videos	of	
infant	 movements	 by	 automatically	 detecting	 the	 trajectory	 of	 the	 limbs.	 Overall,	
findings	suggested	that	the	trajectories	of	early	motor	development	might	be	different	
in	HR	infants	later	diagnosed	with	ASD	or	with	other	neurodevelopmental	disorders	in	
comparison	 to	 those	 of	 HR	 infants	 without	 diagnosis	 and	 infants	 with	 typical	
development.			




in	 the	 gestalt	 perception	 of	 GMs	 have	 evaluated	 the	 quality	 of	 general	movements	







HR	 infants	 later	 diagnosed	 with	 ASD	 or	 with	 other	 neurodevelopmental	 disorders	
showed	a	different	motor	developmental	trajectory	in	comparison	to	infants	with	typical	
development	(see	figure	6).	Unfortunately,	the	small	sample	size	of	ASD	infants	did	not	
allow	 us	 to	 further	 analyze	 data	 using	 other	 statistical	 tests.	 However,	 our	 findings	
suggest	 that	early	motor	abnormalities,	detected	 in	 infants	 later	diagnosed	with	ASD	
and	NDDs,	may	be	considered	a	valid	predictor	of	an	altered	neurodevelopment.	
	Altogether,	our	data	are	in	line	with	previous	studies.	Phagava	and	colleagues	
(2008)	 reported	 that	 the	optimality	 scores	of	 infants	 later	 diagnosed	with	ASD	were	
lower	 than	 those	 of	 typical	 developing	 infants,	 mainly	 due	 to	 a	 lack	 of	 variable	
sequences,	amplitude,	and	speed	of	their	writhing	GMs.	Several	studies	suggested	that	






value	 of	 the	Motor	 Optimality	 Score	 at	 18	weeks.	 This	 data	 seems	 in	 contrast	 with	
previously	published	data	showing	that	fidgety	movements	of	 infants	later	diagnosed	
with	ASD	 are	 absent	 (20,8%)	 and	 abnormal	 (29.2%)	 as	 compared	 to	 healthy	 infants.	
However,	 it	 is	worth	noticing	 that	 the	methodological	 setting	 is	 completely	different	
between	the	two	studies.	In	fact,	Phagava	and	colleagues	(2008)	analyzed	home-videos	
generally	recorded	in	the	first	year	of	life	but	collected	after	diagnosis	and	not	recorded	
in	 a	 longitudinal	 and	 standardized	 manner	 as	 in	 our	 experimental	 setting.	 Non-
homogeneous	material,	such	as	home	videos	recorded	by	parents,	has	many	limitations.	
For	example,	the	videotaped	events	varied	from	one	child	to	another	and	the	age	was	












the	 software	 MOVIDEA.	 Our	 hypothesis	 is	 that	 the	 computer-based	 analysis	 of	
movements	may	support	the	quantitative	analysis	of	spontaneous	movements	and	its	
implementation	in	clinical	and	research	settings.		
Preliminary	 results	 from	 MOVIDEA	 suggested	 that	 it	 is	 possible	 to	 analyze	









from	No_diagnosis	HR	 infants,	HR	 infants	 later	diagnosed	with	ASD	did	not	gradually	


















Overall,	 findings	 from	 this	 experimental	 study	 highlight	 the	 importance	 of	 a	
longitudinal	assessment	of	motor	development	 in	 infants	at	high	risk	for	ASD	since	 it	
could	be	useful	to	detect	a	derailed	developmental	motor	trajectory	as	early	as	in	the	




































The	 standard	 operative	 procedures	 for	 ultrasound	 (US)	 examination	 including	 the	
methodology	and	the	timing	to	perform	US	recording	have	been	elaborated	thanks	to	
the	collaboration	of	the	gynecologist	of	the	“Ultrasound	Diagnostic	Centre	Eco.B.I.”,	Dr	
Laura	 Iaconianni	 and	 of	 the	 child	 psychiatrist	 Prof.	 Andrea	 Guzzetta	 (Stella	 Maris	
Institute).	Dr	Laura	Iaconianni	is	an	expert	gynecologist	certified	by	the	Fetal	Medicine	












Neural	 activity	 and	 genetic	 programs	 interact	 to	 specify	 the	 composition	 and	
organization	of	neural	circuits	during	all	stages	of	development.	Even	at	extremely	early	
stages,	 well	 before	 synapses	 form,	 neurons	 and	 neuronal	 precursors	 exhibit	
spontaneous	electrical	and	chemical	activity.	These	early	forms	of	activity,	which	often	
occur	 on	 a	 cell-by-cell	 basis	 and	 are	 not	 typically	 correlated	 across	 cells,	 influence	




muscles,	 the	 onset	 of	 rhythmic	 bursts	 of	 spontaneously	 generated	 action	 potentials	
induce	motor	activity	(Fagard,	Esseily,	Jacquey,	O’Regan,	&	Somogyi,	2018).	This	motor	
activity	 increase	 the	 concentration	 of	 calcium	 in	 the	 neurons,	 influencing	 gene	
expression	(Feller,	1999;	Kirkby,	Sack,	Firl,	&	Feller,	2013),	and	more	in	general,	neuronal	
activity	 sustains	 the	 development	 of	 neuronal	 networks	 (Fagard,	 Esseily,	 Jacquey,	
O’Regan,	&	Somogyi,	2018;	Milh	et	al.,	2007).			
Spontaneous	 startles,	 general	 movements	 (GMs),	 isolated	 movements	 and	







































Even	 if	 different	hypothesis	have	been	 suggested	 (de	Vries,	Visser,	&	Prechtl,	
1985),	 it	 is	possible	 that	 the	massive	displacements	due	to	startles	 trigger	a	chain	of	
counter-reactive	movements	 able	 to	 facilitate	 the	 initiation	of	GMs	 (Piontelli,	 2010).	
Lüchinger	and	colleagues	(2008)	supposed	that	initial	simple	fetal	motility	is	generated	
by	 spinal	 and	 brainstem	 circuitries	 and	 the	 onset	 of	 GMs	 (complex	 and	 variable)	
correlates	with	the	emergence	of	supraspinal	modulation	of	this	spinal	and	brainstem	
activity.		
After	 the	 17th	 gestational	 week,	 GMs	 do	 not	 necessarily	 follow	 a	 startle	 and	



























Somogyi,	 2018).	 The	 periods	 of	 calm	 (without	GMs,	 isolated	movements	 of	 all	 sorts	
including	 limb	movements,	 trunk	movements,	 head	movements,	mouth	movements	










the	 mother's	 movements	 or	 to	 internal	 sensations).	 As	 reported	 by	 Fagard	 and	















to	explore	 the	 space	around	 it.	 Spontaneous,	 self-produced,	motor	behavior	with	 its	
associated	 sensorimotor	 experience	 plays	 a	 pivotal	 role	 in	 motor	 development	
(Hadders-Algra,	2018).		
In	 this	 regard,	 some	 constraints	 influence	 the	 fetal	 movements	 since	
characteristics	of	the	articulations	and	state	of	development	of	the	nervous	system	are	
different	between	fetuses	and	through	the	gestation.	The	fetuses	can	move	arms	and	
legs	 if	 there	 is	 enough	 space	 and	 enough	 amniotic	 fluid	 around	 the	 fetus	 and	 these	
variables	assume	relevance	especially	at	the	end	of	pregnancy	when	the	area	is	reducing	









Since	 the	 motor	 performance	 requires	 that	 the	 fetus	 know	 the	 connections	
between	motoneurons	and	muscles,	it	has	been	suggested	that	a	sort	of	sensorimotor	
mapping	emerge	during	the	fetal	stage.	Spontaneous	movements,	twitches,	and	GMs	
contribute	 to	 the	 emerging	 sensorimotor	mapping	 (Blumberg	 et	 al.,	 2013;	 Piontelli,	
2010).	Also,	the	isolated	movements	may	be	able	to	contribute	since	occurring	touching	
















From	 15	weeks	 post	menstrual	 age	 starts	 the	 thumb	 sucking	 (Hadders-Algra,	
2018).	 This	may	 imply	 that	 goal	 directed	 activity	 of	 the	 upper	 extremities	 is	 already	
present	 in	 the	 first	 trimester	 of	 gestation	 and	 emerges	 in	 the	 absence	 of	 visual	
information.	With	increasing	fetal	age,	the	lower	and	perioral	parts	of	the	face	are	more	
often	touched,	at	the	expense	of	a	decrease	of	movements	directed	to	the	upper	parts	











Abnormal	 fetal	 GMs	 have	 been	 observed	 in	 fetuses	 at	 risk	 for	 preterm	 birth	
(Rosier-van	Dunné	et	al.,	2010)	or	in	pregnancies	complicated	by	a	severe	reduction	in	
amniotic	fluid	(Bekedam	et	al.,	1985;	Sival	et	al.,	1990).	A	standardized	scoring	system	
for	 fetal	 movements	 based	 on	 prenatal	 assessment	 by	 3D/4D	 ultrasonography	
(Stanojevic	 et	 al.,	 2011),	 the	 Kurjak’s	 Antenatal	 Neurodevelopmental	 Test	 (KANET,	
Kurjak	 et	 al.,	 2008),	 has	 been	 applied	 in	 high-risk	 pregnancies	 to	 early	 detect	
neurological	 disorders	 that	 clearly	 appear	 in	 perinatal	 and	 postnatal	 periods	 (Abo-

























































authors	 suggested	 that	 fetal	 congruent	 response	 could	be	 an	early	 sign	of	mirroring	
behaviors	that	could	become	functional	in	the	postnatal	period	(Ferrari	et	al.,	2016).		
It	has	been	supposed	that	the	emergence	of	social	behavior	could	be	dated	at	
the	 prenatal	 stage	 (Castiello	 et	 al.,	 2010).	 Castiello	 and	 co-authors	 (2010)	 explored,	
through	 4D	 investigation	 of	 twin	 pregnancies,	 whether	 the	 propensity	 to	 socially	
interact	is	already	present	before	birth.	The	authors	reported	that	‘social	actions’	are	
already	performed	in	the	second	trimester	of	gestation	as	twin	fetuses	plan	and	execute	
movements	 specifically	 aimed	 at	 the	 co-twin.	 Twins	 exhibited	 with	 more	 accuracy	
movements	 towards	 the	 eye	 or	 mouth	 areas	 of	 their	 twin	 sibling	 rather	 than	 self-	
directed.	Moreover,	starting	from	the	22nd	week	of	gestation,	fetal	movements	should	
be	 directed	 to	 specific	 targets	 suggesting	 an	 early	 motor	 planning	 process	 already	
operating	 during	 the	 prenatal	 period	 (Zoia	 et	 al.,	 2007).	 In	 this	 regard,	 two	 studies	
showed	 that	 fetuses	 anticipate	 their	 movement	 toward	 the	 mouth	 by	 opening	 the	
mouth	before	the	hand	arrives	(Myowa-Yamakoshi	and	Takeshita,	2006;	Reissland	et	al.,	
2014).		
Recently,	 Fulceri	 and	 colleagues	 (2018)	 reviewed	 over	 3000	 articles	 to	
summarize	data	on	antenatal	US	parameters	that	might	be	considered	early	indices	for	
social	impairments	later	in	life.		However,	only	four	studies	were	specifically	aimed	to	




explored	 the	predictive	 value	of	 fetal	nuchal	 thickness	 for	 later	neurodevelopmental	
outcomes,	mainly	 focusing	on	ASD	 risk,	 in	a	 large	 sample	of	 children.	The	 remaining	




measures	 that	 could	 be	 useful	 in	 determining	 the	 early	 presence	 of	 ASD	 or	 other	
neurodevelopmental	 disorders	 were	 biometric	 parameters,	 uteroplacental/fetal	
Doppler	 US	measurements,	 fetal	 nuchal	 thickness	 and	 the	width	 of	 the	 fetal	 lateral	
ventricular	atrium.		Although	some	US	antenatal	measurements	have	been	reported	to	
be	 of	 some	 interest	 in	 the	 ASD	 research	 field,	 data	 appeared	 to	 be	 still	 limited,	




The	 deviation	 in	 fetal	 growth	 developmental	 trajectory	 in	 children	 diagnosed	
with	ASD	(Abel	et	al.,	2013)	needs	to	be	confirmed	and	the	association	between	fetal	





the	 long-term	 developmental	 outcome	 (Chen	 et	 al.,	 2016).	 To	 date,	 data	 relating	
antenatal	uteroplacental/fetal	blood	flow	mechanisms	to	postnatal	social	development	
appear	to	be	extremely	limited.	The	nuchal	translucency	is	commonly	performed	as	part	
of	 the	 first-trimester	 screening	 for	Down's	 syndrome	 (Bakker	 et	 al.,	 2014).	 The	 fetal	
nuchal	thickness	has	been	found	increased	in	fetuses	who	later	develop	ASD	and	this	
relationship	 has	 been	 detected	 in	 fetuses	 without	 prenatal	 or	 postnatal	 genetic	
diagnosis	or	screened	for	structural	malformation.	Finally,	also	the	enlargement	of	the	
































of	 other	 neurological	 systems	 (sensory,	 extrapyramidal,	 oculomotor,	 cerebellar,	
vegetative).			
Low	 risk	 participants	 were	 identified	 by	 gynecologists	 collaborating	 with	 Dr.	












































































































































































































































































































































































1. video-frames	 in	 which	 visibility	 was	 not	 sufficient	 to	 clearly	 understand	 the	









Table	 5	 presents	 data	 recorded	 in	 each	 trimester	 and	 according	 to	 the	 ultrasound	
technologies	applied.	Data	from	LR	and	HR	fetuses	are	collapsed.	
	







LOST	VIEW	 11%	 10%	 12%	 29%	 20%	 37%	
SUFFICIENT	VIEW	 89%	 90%	 88%	 71%	 80%	 63%	
Fetus	viewed	enterely*	 83%	 90%	 72%	 19%	 40%	 -	
Fetus	viewed	partially*	 17%	 10%	 28%	 74%	 60%	 100%	
	 	 	 	 	 	 	
RESTING	STATE	 85%	 87%	 83%	 75%	 82%	 68%	


















in	 the	 second	 trimester	 of	 gestation	 are	 characterized	 by	 the	most	 relevant	 loss	 of	
















The	highest	percentage	of	 “movements”	occurred	 in	 the	second	 trimester	during	4D	
video	recording	(32%)	whereas	the	lowest	percentage	of	“movements”	occurred	in	the	
first	 trimester	during	2D	video	recording	(13%).	 In	detail,	 the	video	recordings	of	the	
second	 trimester	 of	 gestation	 are	 characterized	 by	 the	most	 relevant	 percentage	 of	
sequences	 of	movements	 (18	 %	 for	 2D	 ultrasound	 video	 recording	 and	 32%	 for	 4D	
ultrasound	 video	 recording)	 whereas	 the	 video	 recordings	 of	 the	 first	 trimester	 are	















are	 presented	 in	 table	 8.	 In	 the	 figure	 31,	 the	mean	 value	 (%)	 of	 frames	 labelled	 as	
“categorized	 movements”	 for	 each	 trimester	 are	 presented	 (LR	 and	 HR	 fetuses	 are	
collapsed).	 Each	 mean	 value	 has	 been	 calculated	 considering	 the	 total	 duration	 of	
movement	period	of	each	fetus.			
	
Table 8 Fetal movements across gestation	
	 First	trimester	 Second	
trimester	
	 Only	2D	 Only	4D	 Only	
2D	
Only	4D	
RESTING	STATE	 87%	 83%	 82%	 68%	
MOVEMENT	 13%	 17%	 18%	 32%	
Not	classified	 5%	 2%	 9%	 5%	
Touching	eyes	 -	 -	 -	 1%	
Touching	head	 -	 -	 -	 5%	
Touching	face	 -	 -	 -	 -	
Touching	chin	 -	 -	 -	 -	
Sucking	hand	 1%	 -	 2%	 -	
Complex	movements	 1%	 12%	 1%	 20%	
Startle	(jump	movement)	 4%	 1%	 2%	 -	
Moving	arm	to	head*		 -	 1%	 -	 1%	
Moving	arm	to	eyes	 -	 -	 -	 -	
Moving	arm	to	mouth	 -	 -	 1%	 -	
Movement	of	the	hand	towards/away	from	
the	mouth	
-	 -	 -	 -	
Ante-flexion	of	the	head	 -	 -	 -	 -	
Moving	the	hand	away	from	the	head		 -	 -	 -	 -	
Retro-flexion	of	the	head	 1%	 -	 1%	 -	
Moving	legs	 1%	 -	 2%	 -	
Moving	mouth	 2%	 -	 2%	 -	








in	2D	and	in	4D	ultrasound	recordings	but	are	more	visible	 in	4D	(see	figure	30).	 It	 is	
worth	noticing	that	the	2D	approach	allows	the	coding	of	movements	performed	in	the	





































































high-risk	 pregnancies”.	 Prof.	 Guzzetta,	 of	 the	 SMILE	 Infant	 Lab	 of	 the	 Stella	 Maris	




















Our	 protocol	 consist	 of	 10	 minutes	 of	 video-recording	 of	 fetal	 movements	
performed	together	with	the	standard	biometric	examination	executed	at	the	first	(from	
11	weeks	to	13	weeks	+5	days)	and	at	the	second	trimester	(from	20	weeks	to	22	weeks	








recruited	 pregnant	 women	 at	 Eco	 B.I.	 center.	 The	 rate	 of	 the	 enrollment	 has	 been	
approximately	 of	 one	woman	 every	 one-two	months,	 and	 the	 recruitment-area	 has	
been	limited	to	Rome	and	its	surroundings	for	both	the	LR	and	HR	pregnant	women.	
Unfortunately,	 we	 encountered	 several	 difficulties	 in	 enrolling	 HR	 pregnant	 women	
since	generally	families	with	one	child	with	ASD	do	not	have	a	second	child.	Moreover,	
the	 child	 psychiatry	 units	 recruit	 them	and	 this	 requires	 that,	 the	 day	 of	 the	 clinical	










diagnosis	 of	 ASD)	 participated	 at	 only	 one	 of	 the	 recordings.	 Thus,	 a	 comparison	
between	data	collected	in	HR	with	LR	fetuses	was	not	possible.	However,	the	analysis	
showed	 that	 fetal	 movements	 were	 observed	 both	 in	 the	 first	 and	 in	 the	 second	
trimester,	increasing	with	gestational	age.		
During	 the	 first	 trimester,	 the	 movements	 predominantly	 observed	 are	 the	
“startles”	 (i.e.,	 fast	 movements	 of	 the	 body	 causing	 a	 body	 lifting	 as	 a	 jump)	 and	
occurring	in	the	sagittal	plane.	Startles	have	been	observed	especially	through	the	2D	
recording.	Other	movements	 observed	 during	 the	 first	 trimester	were	 the	 “complex	
movements”	 (i.e.,	 involving	different	body	 segments	 including	 internal	 rotation)	 (see	
figure	26	and	figure	27).	The	4D	approach	resulted	more	suitable	to	visualize	and	assess	
the	complex	movements	both	 in	 the	 first	and	 in	 the	second	trimester.	 In	 the	second	
trimester,	 the	 “startle”	 movements	 disappeared,	 and	 other	 kinds	 of	 movement	







measurements	 and	biometry	 should	be	added	 to	data	 collected	during	 the	 standard	
gynecological	 examination	 since	 fetal	 size	 and	 growth	 trajectories	 are	 considered	
indicators	of	an	adequate	fetal	health.	
To	 the	 best	 of	 our	 knowledge,	 this	 is	 on	 the	 first	 studies	 on	 the	 reproducibility	
assessment	of	 fetal	movement	counting	using	4D	ultrasound.	However,	the	data	and	
their	interpretation	in	the	present	study	should	be	taken	with	some	degree	of	caution	




the	 comparison	 between	 groups,	 the	 current	 findings	 suggest	 that	 the	 antenatal	
ultrasound	 examination	 according	 to	 this	 SOPs	 may	 be	 a	 feasible	 way	 forward	 to	













ASD.	However,	data	on	early	motor	developmental	disorders	 in	 infants	 and	 toddlers	




with	 ASD,	 this	 study	 had	 the	 overall	 purpose	 to	 collect	 longitudinal	 data	 on	 motor	
development	of	infants	at	high	risk	for	ASD.	The	novelty	of	the	present	work	is	the	focus	
on	 the	 identification	 of	 early	motor	 development	 patterns	 instead	 of	 specific	motor	
performances.	This	approach	 is	extremely	valuable	 for	 the	early	detection	of	autistic	
signs	and	the	consequent	early	interventions	and	access	to	services	and	care.	
The	present	work	has	several	strengths	and	gave	 light	 to	novel	 findings.	First,	
data	from	the	first	experimental	study	supported	the	importance	of	carefully	exploring	
the	developmental	trajectories	of	the	spontaneous	movements	in	the	first	5-6	months	















of	 data	 collected	 on	 high	 risk	 pregnancies,	 our	 fetal	 protocol	 was	 important	 to	
individuate	the	best	strategy	to	collect	and	analyze	data	on	basal	biometrical	data,	fetal	
behaviors,	complex	measures	of	antenatal	neurobehaviors	in	the	first	two	trimesters	of	
pregnancy,	and	 their	 correlations	with	neonatal	data.	 Further	 studies	 should	 seek	 to	
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